Abstract-A broadband low-profile circularly polarized (CP) antenna with a stepped sequential feeding structure is proposed in this letter. The CP antenna consists of four dipoles and parasitic structures. A novel feeding network using parallel transmission lines is introduced to realize phase difference required for circular polarization. Four dipoles are excited by the feeding structure to achieve CP radiation, and parasitic elements are loaded to broaden 3-dB axial ratio bandwidth (ARBW). To verify this design, the proposed antenna is fabricated and measured. Measured results show that a 10-dB impendence bandwidth of 42% (1.82 to 2.8 GHz) and 3-dB ARBW of 36.4% (1.89 to 2.73 GHz) are achieved, respectively. Moreover, the designed antenna has a low profile of 0.13λ (λ is the free-space wavelength at the center frequency) and a gain of average 9.5 dBi with less than 1.5-dB variation within the 3-dB ARBW.
INTRODUCTION
With the rapid development of communication technology, the demand for communication devices is also increasing. Circularly polarized antennas have attracted more and more attention for the features of overcoming polarization mismatch effects. Besides, the antennas for some applications, such as WiFi access points [1] and satellite system [2] , require wide impendence bandwidth and 3-dB axial-ratio bandwidth. A common method to realize circular polarization is truncating patch corners or cutting diagonal slots in the patch. Unfortunately, these antennas only achieve a narrow 3-dB ARBW. A singlefed microstrip patch antenna with corners cut is excited with a circular disc in [3] . AR bandwidth is enhanced by employing four parasitic strips to introduce a new minimum AR, and the ARBW is improved from 8.43% to 24% in this method. Furthermore, one 3 × 3 and one 5 × 5 antenna arrays are studied in [4] . A probe-fed circularly polarized (CP) microstrip patch antenna is placed at the center as the driven antenna and is gapped coupled to the remaining elements. As a result, the 3 × 3 array has a measured 3 dB axial ratio bandwidth of 3.3%, and the 5 × 5 array has a measured 3 dB axial ratio bandwidth of 8.1%. A single-fed broadband circularly polarized stacked patch antenna is proposed in [5] . Meanwhile, some other broadband CP antennas are designed in [6] [7] [8] [9] [10] , but there are application restrictions because none of them produce directional radiation.
Several feeding structures have been reported to realize sequential phase and power divisions. A CP loop that provides sequential phase is used in [11] . The square loop feeding structure is formed by etching a square from a smaller square to achieve stable phase rotation. An arc-shaped strip with angle of 270 • is employed to feed the square loop. Besides, a sequential phase feed using uniform transmission lines is proposed in [12] . The presented SP feed in [12] employs a single stage transition where the transmission line width is uniform. However, it is difficult for structures mentioned in [11, 12] to excite dipoles with a balanced feeding. Nowadays, a stepped sequential feeding structure using integrated parallel transmission lines is presented in this letter. Four dipoles can be directly connected to the feeding structure without balun. In addition, due to the high profile of traditional CP antennas, there are some limitations in application. In order to realize low-profile circularly polarized antennas, metamaterials are widely used in antenna designs [13] [14] [15] . In addition, a new kind of double layers artificial magnetic conductor (AMC) unit is applied in antenna design [16] to broaden its reflection phase bandwidth.
In this letter, a CP antenna with mirror symmetrical structure is discussed. It consists of four dipoles and a novel feeding structure that realizes sequential phase and power division. An AMC reflector is applied to reduce profile of the antenna. By optimizing parameters, a wideband CP antenna is achieved. This letter is organized as follows. Some methods about how to extend ARBW of CP antennas and realization of sequential phase are introduced in Section 1. The geometry and design of the proposed antenna are discussed in Section 2. Measured results are shown in Section 3. The conclusion is obtained in Section 4. Figure 1 shows the geometry of the proposed CP antenna which comprises a radiator and an AMC reflector. The radiator, which is located at a height of h0 above the AMC plane, contains a stepped sequential feeding structure, dipoles and parasitic structures. The feeding structure is composed of integrated parallel transmission lines and printed on both sides of an FR4 substrate with a dielectric 
ANTENNA GEOMETRY AND DESIGN

Antenna Geometry
Antenna Design Process
The evolution of the antenna is shown in Fig. 2 . Circularly polarized wave is obtained by two pairs of dipoles which are excited by sources with equal power and phase difference of 90 • . Parasitic rings and strips are introduced to extend the 3-dB AR bandwidth. Firstly, a radiator is placed above a PEC reflector at a distance of quarter space wavelength at center frequency. As we all know, a PEC reflector provides a 180 • reflection phase. In addition, wave path between radiator and PEC reflector can also achieve a 180 • phase. Therefore, directionality of the antenna is strengthened due to the collective effect of reflection phase difference and wave path difference. At last, the PEC reflector is replaced by an AMC reflector for the feature of in-phase reflection.
In order to more clearly explain the effects of parasitic elements and AMC reflector, four prototypes are simulated, and Fig. 3 shows their simulated reflection coefficients and ARs in the boresight direction (θ = 0 • ). It can be seen from Fig. 3 that the 3-dB ARBW of the traditional design using four dipoles is about 25% (Ant. 1). The introduction of parasitic rings enhances AR bandwidth significantly. Two additional AR minimums are obtained in the higher band, extending the 3-dB AR bandwidth (Ant. 2). Ant. 3 fabricates four parasitic strips around the dipoles, and this approach drops the AR curve entirely. The employment of AMC achieves a desired AR bandwidth from 1.89 to 2.73 GHz and a low profile of 0.13λ (Ant. 4). To investigate the generation of the low AR point and high AR point, we examine the current distributions on the parasitic strips and loops with a period at 2.0 and 2.6 GHz, shown in Fig. 4 . It can be seen from Fig. 3 that in the lower frequency 2.0 GHz, most of the currents concentrate on two dipoles and two strips at t = 0. The equivalent current direction is along phi = −90 • . Meanwhile, the currents concentrate on the other two dipoles and two strips, and the direction is along phi = 0 • while t = T/4. At the higher frequency 2.6 GHz, currents concentrate on dipoles and loops, and the equivalent current direction is along phi = −135 • at t = 0 and phi = −45 • at t = T/4. Therefore, the currents rotate counterclockwise to realize RHCP waves in the boresight direction. In addition, use of AMC drops the AR curve as a whole. The occurrence of drop of AR curve can be attributed to the fact that the surface waves propagating on the AMC structure take into effect [12] .
(a) (b) Figure 4 . Current distributions on the dipoles and parasitic elements at (a) 2.0 and (b) 2.6 GHz.
Parameters Study
To investigate the design guidelines of the antenna, the key parameters affecting the impedance bandwidth and 3-dB bandwidth are studied in this section. Other parameters should be kept constant when one parameter is analyzed. Here, the length of each section of the stepped dipole, parasitic loop patches and parasitic strips play important roles in ARBW performance improving. Fig. 5(a) depicts the |S 11 | and AR curves under different values of d l1 and d l2 (the sum of d l1 and d l2 is kept to a constant). The AR minimum at the higher frequency tends to become higher as d l1 decreases. Meanwhile, the maximum of AR curve at low band rises when d l1 is changed to 14.5 mm or 13.5 mm. At last, d l1 = 13.5 mm and d l2 = 16.5 mm are selected to achieve a wider 3-dB ARBW performance within the operating band. Fig. 5(b) illustrates effects of the length p l1 on the AR curve. As p l1 changes, the maximums in low band and high band rise. In addition, the length of p l1 affects the smoothness of the axis ratio curve. To get a smooth AR curve, p l1 = 25 mm is selected. Effects of varying the length p l3 are shown in Fig. 5(c) . It can be seen that the curve goes down gradually when p l3 increases. Moreover, the length of p l3 also affects the overall resonant frequency band of the antenna. To get a reliable antenna structure and an improved performance, p l3 = 130 mm is adopted. All the variation has little effect on 10-dB impendence bandwidth in the operating band, mainly due to the impedance matching effects of feeding network.
EXPERIMENTAL RESULTS
In order to verify the correctness of the simulation results, the proposed antenna is fabricated and measured. The measured results are in good agreement with the simulated ones, while slight differences are caused by test error and fabrication tolerance. It can be seen from Fig. 6 that the proposed antenna achieves an impedance bandwidth of 42% from 1.82 to 2.8 GHz for VSWR < 2 within a 3 dB AR bandwidth of 36.4% from 1.89 to 2.73 GHz. A gain of 9.5 ± 1.5 dBi can be obtained in operating band. The simulated and measured radiation patterns for x-z plane and y-z plane at 2.1 GHz and 2.6 GHz are plotted in Fig. 7 , respectively. Several wideband CP antennas are summarized in Table 1 , in which λ is the free-space wavelength at the center frequency of the CP antenna. Compared with the reported antennas, this design obtains a wider 3 dB AR bandwidth than that in [12] [13] [14] [15] [16] and a lower profile than that in [16] [17] [18] . 
CONCLUSION
In this letter, a broadband low-profile circularly polarized antenna with an artificial magnetic conductor (AMC) reflector is proposed. The principle of the circularly polarized antenna is analyzed. Parasitic elements are loaded to improve the circular polarization performance of the antenna. To reduce size of the antenna, an AMC reflector is used, and the proposed antenna obtains a profile of 17 mm (0.125λ) at last. Measured results show that the proposed antenna achieves an impedance bandwidth of 42% from 1.82 to 2.8 GHz for VSWR < 2 within a 3 dB AR bandwidth of 36.4% from 1.89 to 2.73 GHz. The circularly polarized operating band of the proposed antenna includes 3G/4G and WLAN band (1.8 to 2.7 GHz). For its low profile and broadband characteristics, the proposed antenna has broad application prospects in systems that operate from 1.88 to 2.67 GHz.
